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Abstract Viscoelasticity and temperature can signiﬁcantly aﬀect the performance of a dielectric
elastomer. In the current study, we use a thermodynamic model to describe the eﬀect of temperature
and viscoelasticity on the electromechanical response undergoing a cyclic electric load by taking into
account of the temperature dependent dielectric constant. Because of the signiﬁcant viscoelasticity
in the dielectric elastomer, the deformation and the nominal electric displacement can not keep in
phase with the electric ﬁeld at low frequencies. The results show that the magnitude of the cyclic
electromechanical actuation strain increases with the decrease of the temperature and decreases
with the increasing frequency, and viscoelasticity can result in signiﬁcant hysteresis for dielectric
elastomers under a relative low temperature and a low frequency. c© 2013 The Chinese Society of
Theoretical and Applied Mechanics. [doi:10.1063/2.1305405]
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Soft dielectric elastomer (DE) can endure giant de-
formation up to 1 600% under an electric ﬁeld where
a DE membrane contracts its thickness and expands
its area through the Maxwell stress. Due to the fast
electrical activated strain which is comparable to that
of biological muscles, the dielectric elastomer is consid-
ered to provide biomimetic applications, with its feature
explored in practical devices, including soft robots, arti-
ﬁcial muscles and upper limb prosthetics.1–6 Most of the
existing studies on dielectric elastomers have focused on
quasi-static deformation,5,6 neglecting the eﬀect of tem-
perature and viscoelasticity.
DE exhibits time-dependent property and the de-
formation of dielectric elastomer is also highly relying
on the rates of activation.7,8 This time-dependence is
mainly ascribed to the viscoelasticity of the elastomeric
polymer matrix and consequently inﬂuences the elec-
tromechanical actuation.9,10 Previous eﬀorts have been
devoted to modeling the viscoelastic dielectric in order
to characterize the time dependent stability, with par-
ticular concerns on the eﬀect of ramping rate in the
voltage,11–14 but seldom research work has been estab-
lished to study how temperature inﬂuence dynamic de-
formation response undergoing cyclic electric load.
DE is always supposed to operate in an isothermal
environment in previous investigations. Experiments
showed that under diﬀerent temperature and deforma-
tion, the dielectric constant which was most widely used
in dielectric elastomer could be totally diﬀerent,15–17 si-
multaneously, its elastic modulus decreases signiﬁcantly
when the temperature increases from −40◦C to 75◦C.18
But few reports focused on the inﬂuence of temperature
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on the actuation of viscoelastic DE. Recently, the inﬂu-
ence of both deformation and temperature on dielectric
constant is considered during the establishment of free
energy function of dielectric elastomers,19,20 but does
not involve any viscoelasticity and no previous studies
paid attention to the topic of the inﬂuence of tempera-
ture on the dissipative processes.
As the authors know, few modeling work is per-
formed on the dynamic response of viscoelastic dielec-
tric elastomer undergoing temperature variation. It is
therefore in the current work, we will probe the tem-
perature dependence of the dynamic performance in the
viscoelastic dielectric elastomer, and to oﬀer guidance
for practical application and actuator design.
A dielectric elastomer membrane which is subjected
to in-plane biaxial forces P1, P2 and a voltage Φ is
shown in Fig. 1. The DE deforms from its original
conﬁguration L1×L2×L3 at the reference temperature
T0 to the current conﬁguration l1 × l2 × l3, immersed
into a thermal force of temperature T . Here, we deﬁne
λi = li/Li (i = 1, 2, 3) as the stretch ratio. Because
of the incompressibility of the material, we express the
stretch ratio in the thickness direction as λ3 = λ
−1
1 λ
−1
2 .
The nominal stresses are deﬁned as s1 = P1/(L2L3)
and s2 = P2/(L1L3). E = Φ/L3 is the nominal electric
ﬁeld and D = Q/(L1L2) denotes the nominal electric
displacement.
Viscoelastic relaxation of a dielectric elastomer can
be represented by a rheological model of springs and
dashpots. A rheological model, consisting two parallel
elements. One element spring A and the other spring B
connected with a dashpot with the viscosity of η in se-
ries, have been developed to characterize the viscoelas-
tic deformation in dielectric elastomer as illustrated in
Fig. 2. In this model, the in-plane stretches λ1, λ2 rep-
resents the stretches in spring A. For spring B, since its
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Fig. 1. Schematics of a viscoelastic dielectric elastomer sub-
ject to biaxial forces in the plane and voltage through the
thickness applied via stretchable electrodes. (a) In the refer-
ence state (T0), the membrane is force-free and voltage-free,
and is un-deformed. (b) The membrane, which is immersed
into a thermal force (T ), is aﬀected by P1, P2, the biaxial
forces in its planar direction as well as a voltage Φ across its
thickness.
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Fig. 2. A rheological model for a viscoelastic dielectric elas-
tomer. It consists of two parallel elements. One element is
spring A and the other is spring B connected a dashpot in
series.
stretches λe1, λ
e
2 rely on the inelastic stretches of dash-
pot ξ1, ξ2, we adopt the well-established multiplication
rule that11–14
λ1 = λ
e
1ξ1, λ2 = λ
e
2ξ2. (1)
To account for the eﬀect of strain-stiﬀening, we rep-
resent both springs by using the Gent model.13,14,21 The
free-energy function of the thermo-electromechanical
system is the sum of the elastic energy from the two
springs, the thermal contribution energy due to the
change of temperature and the electric energy from the
battery and can be written as22,23
W = − T
T0
μAJA
2
·
ln
(
1− λ
2
1 + λ
2
2 + λ
−2
1 λ
−2
2 − 3
JA
)
− T
T0
μBJB
2
·
ln
(
1− λ
2
1ξ
−2
1 + λ
2
2ξ
−2
2 + λ
−2
1 λ
−2
2 ξ
2
1ξ
2
2 − 3
JB
)
+
D2
2ε0ε(λ1, λ2, T )
λ−21 λ
−2
2 +
ρ0c0
[
T − T0 − T ln
( T
T0
)]
, (2)
where T represents the current temperature and T0 is
the reference temperature, μA and μB are the shear
moduli of the two springs at the reference temperature
T0, J
A and JB are the extension limits. The ﬁrst and
second items of Eq. (2) are the thermo-elastic energy
of the two springs. The third item is the electric en-
ergy. The last item of Eq. (2) denotes the purely ther-
mal contribution,23 in which ρ0 is density of the elas-
tomer and c0 represents the particular heat capacity.
The last item describes how temperature inﬂuence the
free-energy of the thermo-electromechanically system.
ε0 = 8.85× 10−12 F/m is the vacuum permittivity, and
ε(λ1, λ2, T ) is the relative dielectric constant of the DE,
which is a function of temperature and deformation17
ε(λ1, λ2, T ) =
(
ε∞ +
A
T
)[
1 + a(λ1 + λ2 − 2) +
b(λ1 + λ2 − 2)2 + c(λ1 + λ2 − 2)3
]
, (3)
where ε∞ = 2.1 is the dielectric constant at high fre-
quency, A = 960 reﬂects the dipole density and the
dipole moment of this very high bond (VHB) dielec-
tric elastomer,17 and a = −0.165 8, b = 0.040 86, c =
−0.003 027 are the coeﬃcients of electrostriction of the
DE.24
According to the equilibrium in thermodynamics
that when the membrane is in mechanical and electro-
static equilibrium, we then have the equations of state
as24
s1 =
∂W
∂λ1
, s2 =
∂W
∂λ2
, E˜ =
∂W
∂D˜
. (4)
Inserting Eq.(3) into Eq.(4), we obtain that
s1 +
λ−31 λ
−2
2
ε0ε
D2 +
1
ε0ε2
λ−21 λ
−2
2
2
∂ε
∂λ1
D2 =
μA
T
T0
(λ1 − λ−31 λ−22 )
1− (λ21 + λ22 + λ−21 λ−22 − 3)/JA
+
μB
T
T0
(λ1ξ
−2
1 − λ−31 λ−22 ξ21ξ22)
/[
1−
(λ21ξ
−2
1 + λ
2
2ξ
−2
2 + λ
−2
1 λ
−2
2 ξ
2
1ξ
2
2 − 3)/JB
]
, (5)
s2 +
λ−21 λ
−3
2
ε0ε
D2 +
1
ε0ε2
λ−21 λ
−2
2
2
∂ε
∂λ2
D2 =
μA
T
T0
(λ2 − λ−21 λ−32 )
1− (λ21 + λ22 + λ−21 λ−22 − 3)/JA
+
μB
T
T0
(λ2ξ
−2
2 − λ−21 λ−32 ξ21ξ22)
/[
1−
(λ21ξ
−2
1 + λ
2
2ξ
−2
2 + λ
−2
1 λ
−2
2 ξ
2
1ξ
2
2 − 3)/JB)
]
, (6)
E =
λ−21 λ
−2
2
ε0ε
D. (7)
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In our analyses, membrane is assumed to be sub-
jected to homogeneous, equal-biaxial deformation, so
λ1 = λ2 = λ, ξ1 = ξ2 = ξ, s1 = s2 = s. The govern-
ing Eqs.(5)–(7) are abbreviated by the symmetry of the
problem to
s
μ
+
(
ε∞ +
A
T
)[
1 + a(2λ− 2) + b(2λ− 2)2 +
c(2λ− 2)3
]ε0
μ
( Φ
L3
)2
λ3 +
1
2
(
ε∞ +
A
T
)
·
[
a+ 2b(2λ− 2) + 3c(2λ− 2)2
]ε0
μ
( Φ
L3
)2
λ4
=
μA
μ
T
T0
(λ− λ−5)
1− (2λ2 + λ−4 − 3)/JA +
μB
μ
T
T0
(λξ−2 − λ−5ξ4)
1− (2λ2ξ−2 + λ−4ξ4 − 3)/JB . (8)
The rate of deformation in the dashpot could be de-
scribed by ξ−1dξ/dt. We relate the rate of deformation
in the dashpot to the stress and write as13,14
dξ
dt
=
T
T0
μB
6η
(λ2ξ−1 − λ−4ξ5)
1− (2λ2ξ−2 + λ−4ξ4 − 3)/JB , (9)
where η is the viscosity of the dashpot. Here we will use
the relaxation time η/μB to normalize time t by intro-
ducing a dimensionless time τ = tμB/η. In the follow-
ing analysis, we take T0 = 300 K, J
A = 110, JB = 55,
μA = 18 kPa, μB = 42 kPa, and μ = μA + μB = 60
kPa as representative values for the dielectric elastomer
used most widely.13,22 To make mathematical expres-
sions simpler, E = (Φ/L3)
√
ε0ε/μ, D = D/
√
με0ε are
introduced, so we can obtain from the Eq. (7) that
E = λ−4D.
When the viscoelastic dielectric elastomer actuator
is subjected to a cyclic electric loading, E = E0 sin(ωτ),
but not to forces s = 0, with E0 = 0.2 to avoid instan-
taneous instability within the selected frequency range
and with ω being the dimensionless frequency, the to-
tal stretch λ and the inelastic stretch ξ can be easily
evolved by solving Eqs. (8) and (9). When we ap-
ply the voltage at τ = 0, since the dashpot does not
move instantly, the initial value of the internal vari-
able is λ = ξ = 1. The time dependent stretch, nomi-
nal electric ﬁeld-stretch, and curves of nominal electric
ﬁeld versus nominal electric displacement of represen-
tative temperatures and applied voltage frequencies are
presented in Figs. 3 and 4.
Figure 3 illustrates the dynamic response of the
viscoelastic dielectric elastomer at a relatively low fre-
quency (ω = 0.1) of the applied electric ﬁeld for three
diﬀerent temperatures 250 K, 300 K, and 350 K. It can
be seen that the electromechanical deformation and the
magnitude of the cyclic actuation stretch of the vis-
coelastic DE is much bigger at the temperature of 250 K
(as shown in Fig. 3(a)) than that of 300 K (as shown
in Fig. 3(d)) and 350 K (as shown in Fig. 3(g)). The
deformation decreases with the increasing temperature,
simultaneously, the inelastic stretch ξ is almost equal
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Fig. 3. A membrane is subject to the applied cyclic nominal
electric ﬁeld at the dimensionless frequency of ω = 0.1. (a),
(d), (g) are the calculated time dependent total stretch and
inelastic stretch. (b), (e), (h) are the stretch-electric ﬁeld
response. (c), (f), (i) are the dimensionless nominal electric
displacement–nominal electric ﬁeld curves.
to the total stretch λ, indicating that the deformation
of the viscoelastic DE is almost fully inelastic. Besides,
the stretch λ and the nominal electric displacement D
could not keep in phase with the nominal electric ﬁeld
E, and limit cycles appear on both the E − λ plots in
Figs. 3(b), 3(e), 3(h) and the E−D plots in Figs. 3(c),
3(f), 3(i) for 250 K, 300 K, 350 K respectively, which
indicate that signiﬁcant amount of energy is dissipated
during the electromechanical conversion process. When
the temperature raises from 250 K to 350 K, the area
of the hysteresis loop decreases in Fig. 3, the hystere-
sis and the amount of dissipated energy become much
more signiﬁcant at a lower temperature.
Figure 4 shows the dynamic response of the vis-
coelastic dielectric elastomer at a relatively high fre-
quency (ω = 1) for the three temperatures. With the
increasing frequency, the deformation of the viscoelas-
tic DE creeps with the normalized time τ (as shown in
Figs. 4(a), 4(d), 4(g)), and the actuation deformation
(λ) becomes much smaller than that of lower frequency
of ω = 0.1. At this high excitation frequency, the inelas-
tic stretch (ξ) is smaller than that of the total stretch
(λ) (as shown in Figs. 4(a), 4(d), 4(g)) at the tempera-
tures of 250 K, 300 K, and 350 K, respectively. This is
because that the voltage is varied on a time-scale much
faster than the viscoelastic relaxation time. At the same
time, the deformation (λ) decreases with the increasing
temperature from 250 K in Fig. 4(a) to 300 K in Fig.
4(d) and to 350 K in Fig. 4(g). What is more, the nom-
inal electric ﬁeld-stretch response (E−λ) in Figs. 4(b),
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Fig. 4. A membrane is subject to the applied cyclic nominal
electric ﬁeld at the dimensionless frequency of ω = 1. (a),
(d), (g) are the calculated time dependent total stretch and
inelastic stretch. (b), (e), (h) are the stretch-electric ﬁeld
response. (c), (f), (i) are the dimensionless nominal electric
displacement-nominal electric ﬁeld curves.
4(e), 4(h) and E −D response in Figs. 4(c), 4(f), 4(i)
show no clear limit cycle, indicating that there will be
insigniﬁcant hysteresis in the viscoelastic DE for high
frequency.
The eﬀect of temperature on dynamic response of
a viscoelastic dielectric elastomer under a cycle elec-
tric ﬁeld is presented. The time dependent dynamic
deformation and the hysteresis process undergoing vis-
coelastic dissipative processes are investigated by us-
ing the theory of non-equilibrium thermodynamics. As
the temperature decreases, the magnitude of the cyclic
actuation deformation increases. This is because that
the polymer’s dielectric constant is depended on defor-
mation and temperature in Eq. (3). When the tem-
perature decreases, the dielectric constant of the DE
increases as shown in Eq. (3), so the Maxwell stress
(second term at the left-side of Eq. (8)) increases with
the increasing dielectric constant for a ﬁxed electric ﬁeld
E0 = 0.2. As the Maxwell stress drives the DE system
substantially, thus the amplitude increases at the same
time with the increase of the Maxwell stress at low tem-
perature for the dynamic thermo-electromechanically
system.
The results also show that when the excitation fre-
quency of the applied voltage increases, the total stretch
and the viscous stretch both become smaller. The vis-
coelastic deformation of the DE fails to keep up with
increasing electric ﬁeld frequency leading to decreas-
ing the total stretch and the viscous stretch. At low
frequency, there exists much more signiﬁcant hysteresis
loop on both the E−λ and the E−D plots. In addition,
the amount of energy dissipated per cycle increases the
decreasing temperature and the hysteresis is much more
signiﬁcant at low temperature and low frequency. The
main reason is the geometric nonlinearity introduced by
the ﬁnite viscoelastic deformation in Eqs. (8) and (9)
according to Hong.11 When the input electric ﬁeld is
sinusoidal, the output total stretch λ and the inelas-
tic stretch ξ are not sinusoidal any more. The reason
is that the thermo-electromechanically system under a
cycle electric load is highly nonlinear and the asymme-
try in the shape of the output cyclic deformation λ(τ)
at low temperature and low frequency would lead to
signiﬁcant irreversible energy loss of the system.
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